f Antibiotic resistance in bacteria is ever changing and adapting, as once-novel ␤-lactam antibiotics are losing their efficacy, primarily due to the production of ␤-lactamases. Metallo-␤-lactamases (MBLs) efficiently inactivate a broad range of ␤-lactam antibiotics, including carbapenems, and are often coexpressed with other antibacterial resistance factors. The rapid dissemination of MBLs and lack of novel antibacterials pose an imminent threat to global health. In an effort to better counter these resistanceconferring ␤-lactamases, an investigation of their natural evolution and resulting substrate specificity was employed. In this study, we elucidated the effects of different amino acid substitutions at position 67 in IMP-type MBLs on the ability to hydrolyze and confer resistance to a range of ␤-lactam antibiotics. Wild-type ␤-lactamases IMP-1 and IMP-10 and mutants IMP-1-V67A and IMP-1-V67I were characterized biophysically and biochemically, and MICs for Escherichia coli cells expressing these enzymes were determined. We found that all variants exhibited catalytic efficiencies (k cat /K m ) equal to or higher than that of IMP-1 against all tested ␤-lactams except penicillins, against which IMP-1 and IMP-1-V67I showed the highest k cat /K m values. The substrate-specific effects of the different amino acid substitutions at position 67 are discussed in light of their side chain structures and possible interactions with the substrates. Docking calculations were employed to investigate interactions between different side chains and an inhibitor used as a ␤-lactam surrogate. The differences in binding affinities determined experimentally and computationally seem to be governed by hydrophobic interactions between residue 67 and the inhibitor and, by inference, the ␤-lactam substrates.
T he use of ␤-lactam antibiotics by humans creates selective pressure that drives the rapid evolution of antibacterial resistance mechanisms in bacteria. The most important of these mechanisms is the production of ␤-lactamases. These enzymes inactivate ␤-lactams via hydrolysis of the ␤-lactam ring and are divided into four different classes (A, B, C, and D) based on sequence similarity and structural homology (1) . Classes A, C, and D utilize an active site serine to facilitate hydrolysis, whereas class B or metallo-␤-lactamases (MBLs) utilize one or two active site Zn(II) ions. MBLs are of particular clinical concern because of their broad substrate capacity (penicillins, cephalosporins, cephamycins, and carbapenems), insensitivity to commercially available ␤-lactamase inhibitors, and rapid dissemination via horizontal gene transfer (2) (3) (4) (5) . MBLs are divided into three subclasses (B1, B2, and B3) based on structure and Zn(II)-coordinating residues. The general class B ␤-lactamase (BBL) amino acid numbering scheme (6, 7) is utilized here. Among the most widespread and clinically relevant MBLs are the imipenemase (IMP)-type enzymes of subclass B1, which contain two Zn(II) cofactors (8) (9) (10) (11) . Reoccurring outbreaks of IMP-producing pathogens have been reported throughout Europe and the Asian-Pacific region (12) . At present, 52 distinct IMP-type enzymes have been reported (13) .
IMP-1 ␤-lactamase was originally isolated from Serratia marcescens in Japan in 1991 (14) , but it has also been found in Pseudomonas aeruginosa (15) , Klebsiella pneumoniae (16) , Acinetobacter baumannii (17) , and Alcaligenes xylosoxidans (18) . The IMP-10 variant was first isolated from P. aeruginosa in Japan in 1997 and subsequently characterized (19) . The encoding gene, bla , differs from bla IMP-1 by a point mutation at nucleotide 145 from G to T, which translates into a V67F amino acid change in the substrate binding site. F67 can also be found in the variants IMP-20 (GenBank accession code [GBAC] AB196988), IMP-26 (20) , IMP-40 (GBAC AB753457), IMP-41 (GBAC AB753458), IMP-43, and IMP-44 (21) . Based on currently published biochemical data, enzymes with F67 show relatively high activity toward cephalosporins and carbapenems (k cat /K m values similar to [19] or up to an order of magnitude higher than [21] those of the corresponding enzymes with V67) but low activity toward penicillins except carbenicillin (k cat /K m values about 1/10 [21] or less [19] of those of the corresponding enzymes with V67).
Position 67 is located at the base of the flexible active site loop L3 (22) , which is composed of two antiparallel ␤ strands connected by a ␤ turn (␤ hairpin loop) and includes residues 58 to 67 (23) (Fig. 1 ). Due to L3's flexibility and topology (forming one side of and covering the active site), it is believed to be involved in substrate binding, as it acts to accommodate molecules of various widths and depths (24) . Other residues in L3, such as W64 (25) and residue 59 (26) , were shown to have a significant impact on substrate specificity. In a codon randomization study of IMP-1 (27) , it was shown that position 67 tolerates a variety of mutations depending on the antibacterial used for selection. In the same study, the residue at position 67 was shown to contribute to the hydrophobic pocket formed at the base of L3 and is hypothesized to interact with R1 groups of ␤-lactam substrates (27) . Furthermore, position 67 is considered to be under positive selective pressure, which emphasizes its significance in the molecular evolution of IMP enzymes (28) . Interestingly, the importance of residue 67 in substrate binding was also demonstrated for VIM-type MBLs (29) , in which it is invariably tyrosine among 46 variants reported to date (13) . Among the 16 NDM-type MBLs reported so far (13) , this residue is consistently valine. Based on this apparent significance of residue 67 and because a systematic biochemical analysis has not been reported to date, the aim of the present study was to elucidate the effects of different amino acid substitutions found naturally at position 67 in IMPtype MBLs on the ␤-lactamases' ability to hydrolyze and confer resistance to ␤-lactam antibiotics. Other amino acids found at position 67 are isoleucine and alanine. I67 is found in the naturally occurring MBLs IMP-9 (30), IMP-31 (GBAC KF148593), , and IMP-45 (32) , and A67 is found in the IMP-21 variant (GBAC AB204557), while all other variants harbor V67, like IMP-1. To our knowledge, biochemical data are not available for the variants harboring I67 and A67. We investigated the impacts of these residues independently of the other sequence changes in these variants and therefore created the artificial variants IMP-1-V67I and IMP-1-V67A and compared them to IMP-1 and IMP-10 with respect to their biochemical and biophysical properties as well as their potential to confer resistance on Escherichia coli.
MATERIALS AND METHODS
Antibacterials. Ampicillin, benzylpenicillin, cephalothin, chloramphenicol, imipenem, and aztreonam were purchased from MP Biomedicals, LLC (Illkirch, France). Ceftazidime and meropenem were purchased from USP (Rockville, MD). Cefotaxime was purchased from Tokyo Chemical Industry Co. Ltd. (Tokyo, Japan), cefoxitin from Biosynth (Itaska, IL), chromacef from Sopharmia (St. Joseph, MO), and kanamycin from Fisher Scientific (Fair Lawn, NJ).
Site-directed mutagenesis. Plasmids pET26b and pBC SK(ϩ), each individually carrying bla IMP-10 , bla IMP-1-V67I , and bla IMP-1-V67A , were created by PCR-based site-directed mutagenesis using the previously described vectors pET26b-bla IMP-1 (kindly provided by James Spencer) and pBC SK(ϩ)-bla IMP-1 (33) as templates. Primers V67A ForL/RevL and V67I ForL/RevL (see Table S1 in the supplemental material) were used to create pET26b-bla IMP-1-V67A and pET26b-bla IMP-1-V67I , respectively. Primers V67A For/Rev and V67I For/Rev were used to create plasmids pBC SK(ϩ)-bla IMP-1-V67A and pBC SK(ϩ)-bla IMP-1-V67I , respectively. Both pET26b and pBC SK(ϩ) plasmids carrying the bla IMP-10 gene were produced using the V67F For/Rev primers. All primers were purchased from Integrated DNA Technologies, Inc. (San Diego, CA).
After detection of a PCR product via agarose gel electrophoresis, DpnI (Promega, Madison, WI) digestion, and deionization using steps 6 to 10 of a QIAprep Spin miniprep kit (Qiagen, Valencia, CA), E. coli TG1 electrocompetent cells (Lucigen, Middleton, WI) were transformed with the PCR product via electroporation. Transformants were incubated at 37°C overnight on lysogeny broth (LB) agar plates with either 50 g/ml kanamycin (cells containing pET26b) or 34 g/ml chloramphenicol [cells containing pBC SK(ϩ)]. Resulting bacterial colonies were cultivated in LB with the appropriate antibiotic overnight at 37°C, plasmids were isolated (QIAprep Spin miniprep kit; Qiagen), and the bla IMP genes were sequenced at Eurofins MWG Operon (Huntsville, AL).
Expression and purification. E. coli OverExpress C43 (DE3) cells (Lucigen, Middleton, WI) were transformed with the pET26b plasmids carrying bla IMP-1-V67A , bla IMP-1-V67I , and bla IMP-10 via electroporation. The enzymes were overexpressed and purified as described previously (3, 33) . Finally, the enzymes were concentrated using 15-ml Amicon Ultra centrifugal filter units with a molecular mass cutoff of 10 kDa (Millipore, Billerica, MA), and the purities of the concentrated proteins were determined via sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). A Coomassie (Bradford) protein assay (Fisher, Pittsburgh, PA) with bovine serum albumin (BSA) as a standard was used to determine the concentrations of the purified proteins.
Biophysical characterization. The molecular weights of purified IMP-1-V67A, IMP-1-V67I, and IMP-10 were determined by electrospray ionization mass spectrometry (ESI-MS) using an Applied Biosystems QSTAR-XL tandem MS (MS/MS) system with an EKsigient nano-liquid chromatography two-dimensional system at the Protein/Peptide Microanalytical Laboratory (PPMAL) at the California Institute of Technology (Pasadena, CA). The purified proteins were dialyzed against zinc-free 50 mM morpholinepropanesulfonic acid (MOPS), pH 7.0, and the zinc content of each was determined using the 4-(2-pyridylazo)resorcinol (PAR) assay (34) as previously described (3, 35) . The concentrations of the dialyzed proteins were determined as described above. Circular dichroism (CD) analysis was used to analyze the secondary structure and thermal stability of the four enzymes. Details can be found in the supplemental material.
Steady-state kinetic assay. Steady-state kinetic experiments were conducted using an SQ-2802 UV-visible (UV-Vis) spectrophotometer with a Peltier element for temperature control (Unico, Dayton, NJ) controlled by UV-Vis Analyst software (MacroEasy Technologies, Ltd., Shanghai, China). Purified enzyme was prepared in 50 mM MOPS, pH 7.0, 100 M ZnSO 4 , and 10 g/ml BSA and preincubated at 30°C. Following the addition of preincubated (30°C) substrate at different concentrations, the initial velocities were determined by measuring the degradation of the substrate. The wavelengths and molar extinction coefficients used were described previously for doripenem (36) and all other substrates (2) . The enzyme concentrations were adjusted to obtain Ͻ15% substrate hydrolysis within the first minute. Enzyme samples were prepared three times per substrate concentration, resulting in three sets of data per antibacterial. The kinetic constants were calculated for each data set by fitting them to the Michaelis-Menten equation, using Prism 6 (GraphPad Software, Inc., La Jolla, CA).
MIC assay. E. coli ElectroMAX DH10B cells (Invitrogen, Grand Island, NY) transformed with the pBC SK(ϩ) phagemid harboring the bla IMP-1-V67A , bla IMP-1-V67I , or bla IMP-10 gene were used for susceptibility assays. MIC assays with DH10B cells producing the various MBLs in the presence of 10 antibacterials were performed by a broth microdilution method following the guidelines of the Clinical and Laboratory Standards Institute (37), using antibiotic concentrations in the range of 0.03125 g/ml to 1,024 g/ml. An inoculum of 10 4 E. coli DH10B cells containing the corresponding bla IMP -carrying phagemid was grown in Mueller-Hinton II broth at 37°C for 20 h in the presence of one of the antibacterials, supplied in serial dilutions in a 96-well plate assay format. DH10B cells transformed with the pBC SK(ϩ) phagemid lacking the MBL gene and cells lacking any phagemid served as negative controls, while DH10B cells with no antibacterials served as a positive control. Six independent measurements were carried out, and the median was designated the MIC.
Immunoblotting. Immunoblotting was used to evaluate the normal expression levels of wild-type and artificial variants of IMP-1. This was done under conditions comparable to those in the susceptibility assays. Five-milliliter cultures of E. coli DH10B cells containing pBC SK(ϩ) phagemids harboring the various bla IMP genes in Mueller-Hinton II broth containing 20 g/ml chloramphenicol were grown at 37°C to an optical density at 600 nm (OD 600 ) of 0.8. Fifty-microliter aliquots of whole cells from these cultures were pelleted and frozen overnight. Both whole cells and crude cell extracts were tested. For whole-cell analysis, pellets were resuspended in 20 l of loading buffer. Crude cell extracts were prepared by resuspending pellets in 50 l of 50 mM Tris-HCl (pH 7.4) containing 0.04 mg/ml lysozyme, 1 mM MgSO 4 , and 5 U/ml benzonuclease (Millipore Corp., Billerica, MA), incubating them at room temperature for 30 min, and removing cell debris by centrifugation at 10,000 ϫ g for 5 min. Whole cells or crude cell extracts were then separated via SDS-PAGE and subsequently transferred to a polyvinylidene difluoride (PVDF) membrane (Novex, Life Technologies, Carlsbad, CA) by electroblotting. Immunostaining was carried out as described previously (38) .
Inhibition experiments. eMolecules compound 6142342 was purchased from ChemDiv (San Diego, CA), initially dissolved in dimethyl sulfoxide, and then further diluted in assay buffer. For kinetic assays carried out as described for the steady-state kinetic assays described above, the final solution contained 320 pM purified MBL, 10 g/ml BSA, and either no or 40 M compound 6142342 in the kinetic assay buffer described above plus 2 mM 3-[(3-cholamidopropyl)-dimethylammonio]-1-propanesulfonate (CHAPS) detergent. The percent residual activity was defined as the initial velocity for the conversion of 6 M chromacef in the presence of compound 6142342 divided by the initial velocity without the compound. Percent inhibition was defined as 100% minus the residual activity. The experiments were carried out in triplicate.
Molecular docking. The three-dimensional (3D) structure of an IMP-1 ligand, eMolecules compound 6142342 (Fig. 2) , identified using the Shape Signatures algorithm (39), was constructed using ArgusLab (www.arguslab.com). The inhibitor was built with a deprotonated hydroxyl group and an overall charge of Ϫ1e at pH 7.0, as depicted at the ZINC docking database (www.zinc.docking.org). The appropriate hybridizations were then assigned to the molecule, followed by minimization in fewer than 100 steps, using the semi-empirical method Austin Model 1 (AM1) (40) . AutoDock Tools (41) was used to prepare the docking files. The IMP-1 crystal structure (PDB entry 1DD6) (23) was used as the receptor file. The protonation states of the Zn(II)-coordinating histidine residues (H116, H118, H196, and H263) were modified to ε-protonated tautomers with the deprotonated N-pointing toward the Zn(II) ions. Furthermore, charge (ϩ1.4e) (42) and van der Waals parameters ( ϭ 1.95 Å; ε ϭ 0.25 kcal/mol) (43) for the Zn(II) ions were used as described in a previous study (26) . To balance the molecular system, the Zn(II) ligands (3H for Zn1 and DCH for Zn2) were given an additional charge of ϩ0.2e each. The IMP-10, IMP-1-V67A, and IMP-1-V67I enzymes were created from PDB entry 1DD6 by using the "mutagenesis" function in PyMOL (www.pymol.com) before being prepared as described above.
The maximum numbers of energy evaluations and generations were set to 2,500,000 and 27,000, respectively. The mutation and crossover rates were set to 0.02 and 0.8, respectively. The rest of the parameters were kept at their default values, and all docking calculations were performed without constraints. Conformations that constitute each cluster were defined by a root mean square deviation tolerance of 2.0 Å. The docking simulations were run on Windows, using the AutoGrid 4.0 and AutoDock 4.2 programs (41). The highest-ranking conformation (lowest binding energy) for each enzyme inhibitor complex was analyzed visually using PyMOL.
RESULTS AND DISCUSSION
Expression, purification, and biophysical characterization of MBL variants. All four ␤-lactamases were expressed well, and between 5 and 15 mg per liter of culture could be purified to homogeneity (Ͼ95% purity as judged by SDS-PAGE) from the soluble fraction after cell lysis (Table 1 ). Mass spectrometry gave molecular masses close to the theoretical values. Approximately two Zn(II) ions were determined per protein molecule for all enzymes by using the PAR assay (3, 34) ( Table 1) .
Circular dichroism (CD) spectra of IMP-1, IMP-10, and IMP-1-V67I are superimposable and are characteristic of the typical ␣␤␤␣ fold (44) common among all MBLs and comparable to those of other IMP variants (3, 38, 45) (see Fig. S1 in the supplemental material). The spectrum of IMP-1-V67A is slightly different in shape, consistent with a relatively higher ␣-helical portion in this variant. This observation was further validated by quantitative secondary structure analysis of the spectra by using DichroWeb (46, 47) with the CDSSTR method (48) and reference set 7 (49) (see Fig. S2 and Table S2 ). It is conceivable that alanine, which has a high helix propensity (50, 51) , disrupts the ␤ hairpin loop structure and induces formation of a small ␣ helix in L3. Thermal denaturation was monitored by CD analysis (see Fig. S3 ) and revealed very similar melting temperatures (T m ) for all four enzymes, ranging from 67 to 72°C (Table 1) .
In summary, all enzymes behaved very similarly during expression and purification, bound two Zn(II) ions, maintained the overall MBL fold, with a small change in secondary structure for IMP-1-V67A, and were thermally stable under physiological as well as kinetic assay (30°C) conditions. Kinetic constants. The ␤-lactamase activities of purified IMP-10, IMP-1-V67I, and IMP-1-V67A were determined with the following 10 substrates: cephalothin, cefotaxime, ceftazidime, cefoxitin, benzylpenicillin, ampicillin, imipenem, meropenem, doripenem, and aztreonam (Fig. 2) . The resulting kinetic constants (k cat , K m , and k cat /K m ) are shown in Table 2 , together with those of IMP-1 reported previously (33) . The activity profiles of the four recombinant enzymes indicate that they hydrolyzed all tested ␤-lactams except for aztreonam. IMP-10 and the two mutant enzymes (IMP-1-V67A and IMP-1-V67I) exhibited significantly higher catalytic efficiencies (k cat /K m ) than those of IMP-1 toward the cephalosporins with neutral R groups (cephalothin and cefotaxime) and the more recently introduced carbapenems (meropenem and doripenem), which likely also have neutral R groups in the MBL active site (33) . IMP-1 and the two mutants (IMP-1-V67A and IMP-1-V67I) showed comparable catalytic efficiencies toward the ␤-lactams from these groups that have positively charged R2 groups (the cephalosporin ceftazidime and the carbapenem imipenem), while those of IMP-10 were 2 to 6 times higher. All enzymes showed comparable k cat /K m values toward the cephamycin cefoxitin. Interestingly, the situation was opposite toward the penicillins: IMP-1 was the most efficient enzyme, followed closely by IMP-1-V67I, while IMP-1-V67A and IMP-10 were significantly less efficient, in agreement with a previous report on IMP-10 (19). Increased k cat /K m values compared to those of other enzymes were almost exclusively due to increased k cat values, and only in the case of doripenem were they also due to decreased K m values.
Antibacterial susceptibility. The antibacterial resistance profiles conferred to E. coli DH10B cells by expression of the investigated MBLs were established by determining the MICs of the same 10 ␤-lactams. All wild-type and artificial mutant MBLs conferred clinically relevant levels of resistance to the tested ␤-lactams, except aztreonam, while cells not expressing any MBL (negative controls) were susceptible (Table 3) . Different levels of penetration into the bacterial periplasm may explain why MICs of different antibiotics do not necessarily correlate with their kinetic constants. For instance, the MICs of cephalothin and cefoxitin are similar, although both the k cat and k cat /K m values are an order of magnitude higher for cephalothin. The k cat /K m values of cefoxitin and imipenem are similar, but the MICs of cefoxitin are about 2 orders of magnitude higher. For the cephalosporins, the penicillins, and imipenem, the MICs of a given antibiotic are for the most part consistent with the kinetic constants k cat and k cat /K m exhibited by different enzymes, give or take one serial dilution. For the neutral carbapenems, meropenem and doripenem, IMP-10 especially shows higher MICs than those with IMP-1 (8-fold), while those with the other enzymes are comparable. The high MICs of these antibiotics are not easily explained by k cat /K m values, because IMP-1-V67A and IMP-1-V67I exhibit similarly high k cat /K m values but lower MICs. It is possible that both k cat and K m need to be in the right ranges to result in a high MIC. We previously made a similar observation with IMP-25, which exhibited a lower k cat /K m value toward meropenem than IMP-1 and IMP-6, but its MIC was 8-fold and 2-fold higher, respectively (33). For both IMP-25 and IMP-10, the k cat value is on the order of 100 s Ϫ1 . Perhaps this is an ideal turnover rate under periplasmic conditions. Clearly, more research is needed to resolve this issue.
Immunoblotting. To test whether different expression levels of functional enzyme could have affected the MICs, immunoblot analysis with a previously reported IMP-1-specific antibody (38) was employed. The amounts of enzyme detected by the antibody in crude cell lysates and using whole cells were comparable (Fig.  3) . One interesting feature observed was that IMP-1-V67A migrated slightly less than the other enzymes in the SDS-PAGE gel. Even though denaturing conditions were used, this could possibly be related to the slightly different secondary structure observed in its CD spectrum (see Fig. S1 and S2 and Table S2 in the supplemental material) and to its slightly different thermal denaturation kinetics (see Fig. S3 ).
Experimental and computational inhibition study. In order to obtain a better understanding of the binding determinants between ␤-lactam substrates and residue 67 (and the L3 loop as a whole), an inhibitor that structurally resembles typical ␤-lactams was tested on the four ␤-lactamases both experimentally and computationally by docking. Using a substrate for such a study would not necessarily yield conclusive results, because K m correlates with K s only under certain conditions. Therefore, binding of compound 6142342 (eMolecules) (Fig. 2) , which was identified as part of another study with the Shape Signatures algorithm (39) as a modest inhibitor of IMP-1, was investigated. This compound was tested on the four enzymes and exhibited between 33% (IMP-1-V67A) and 85% (IMP-1) inhibition at 40 M (Table 4) .
In order to elucidate binding interactions and to compare potential differences in substrate binding among the four ␤-lactamases, docking simulations were carried out with AutoDock 4.2 (41) . Out of 50 docking conformations for each complex, between 4 and 31 were found in the highest-ranked cluster, with mean binding energies of these clusters falling between Ϫ11.8 and Ϫ10.7 kcal/mol. Interestingly, there is a clear correlation between the experimental percent inhibition values and these binding energies (R 2 ϭ 0.96) (Fig. 4A) . The lowest-binding-energy conformations of the four complexes were nearly identical. Figure 4B exemplarily shows the complex with IMP-1, and characteristic interactions between the enzymes and the inhibitor are summarized in Table 4 . The aromatic nitro group coordinated both Zn(II) ions and formed a hydrogen bond with K224 N-. The hydroxyl oxygen on the nitrophenol ring (O-3), which was assumed to be deprotonated under physiological conditions, also acted as a Zn1 ligand. The nitrogen (N-3) in the benzothiazole ring system, which corresponds to R1 of ␤-lactams, formed an electrostatic interaction with K150a N-. Lastly, the benzyl substituent of compound 6142342, which corresponds to R2 of ␤-lactams, formed hydrophobic interactions with residue 67 mutated in this study, as well as with V61 and W64. Since the docked conformations are so similar between the four enzymes, it is likely that interaction between the benzyl substituent or R2 of substrates and these residues plays a major role in the observed inhibitor binding and substrate specificities. Interestingly, inhibitor binding decreases with an increasing size of residue 67 (V ¡ I ¡ F), with the exception of A, which may be due to alanine forming an unfavorable void or an altered secondary structure of L3 creating clashes in IMP-1-V67A.
Interpretation of results with respect to MBL evolution. Investigation of the role of position 67 in IMP-type MBLs is warranted, since it has been shown to be under positive selection pressure (28) and both its mutation frequency (number of variants with substitutions at this position) and variability (number of different amino acid identities at this position) are high (52) . At the time of the latter publication (2012), those numbers were 5 and 4, respectively; now they are 12 and 4. Interestingly, the mutation frequency at position 67 relative to IMP-1 has been increasing exponentially, while the variability has remained constant af- ter the first 20 variants (see Fig. S4 in the supplemental material), suggesting that having one of three mutations (V67A, V67I, or V67F) may provide an evolutionary advantage but that other amino acids may not be easily accessible or beneficial. Therefore, it was expected that studying the effects of the four amino acids found naturally at position 67 would provide valuable insights into MBL evolution. Consistent with residue 67's role in forming a hydrophobic pocket together with V61 and W64 (23, 26, 27) (Fig. 4B) , all amino acids found at position 67 are hydrophobic. They increase in size and bulkiness from alanine over valine (IMP-1) and isoleucine to phenylalanine (IMP-10). Phenylalanine is the only residue that could possibly interact with a substrate electrostatically, through the electrons in its aromatic ring. Thus, substrate preference may be dominated primarily based on fit and, in the case of F67, electrostatic interactions. In the following, we discuss the observed activities toward the different substrate groups and attempt to rationalize them based on the residue 67 side chain structures.
Penicillins. A consistent observation in the report of Iyobe and coworkers (19) and the present study is that IMP-10 is much less capable of inactivating penicillins than IMP-1, as observed by k cat /K m measurements as well as MICs. This can be extended to IMP-1-V67I, which is almost as efficient as IMP-1, and IMP-1-V67A, which is less efficient, like IMP-10. It appears that penicillins are optimally inactivated when residue 67 is either valine or isoleucine, both of which are branched hydrophobic residues that could pack nicely with the axial methyl groups on the dihydrothiazine ring of penicillins, which has been highlighted in numerous studies (21, 25, 53) . Crystal structures of IMP-1 in complex with a substrate, intermediate, or product are not available; however, in a crystal structure of the MBL NDM-1 in complex with hydrolyzed benzylpenicillin (PDB code 4EYF) (54), the axial methyl group pointing toward loop L3 is very close to V73, the residue that corresponds to position 67 in the BBL numbering scheme (closest COC distance of 4.3 Å in chain A and 4.4 Å in chain B). The distance between this residue and the phenyl ring in R1 is Ͼ5 Å, arguing for a larger significance of the axial methyl groups in interacting with residue 67. It is conceivable that replacing the branched side chains of valine and isoleucine with just a methyl group in alanine would create an unfavorable void, whereas replacing them with a benzyl moiety in phenylalanine would create unfavorable clashes. If A67 did indeed induce an ␣ helix, as mentioned above, that could also generate unfavorable clashes. The increased inactivation of and resistance against ampicillin conferred by IMP-1 and IMP-1-V67I are in agreement with a random active site residue selection study by Materon and coworkers, which showed that in the presence of ampicillin IMP-1 can only tolerate the V67I mutation, whereas a variety of other amino acids were selected with other antibacterials (cefotaxime, cefaloridine, and imipenem) (27) .
Cephalosporins and cephamycin. Catalytic efficiencies against the neutral cephalosporins cephalothin and cefotaxime were increased for all variants relative to that of IMP-1; however, this was not apparent in the MICs, which, as mentioned above, may be due to the fact that these catalytic efficiencies are so high that other The distances reported are distances between inhibitor atoms and enzyme atoms found in the highest-ranked docking conformation (see Fig. 4B ). O-1 is the nitro group oxygen coordinating the two Zn(II) ions, O-2 is the nitro group oxygen hydrogen bonding with K224, O-3 is the deprotonated phenol oxygen coordinating Zn1, and N-3 is the benzothiazole nitrogen that interacts electrostatically with K150a. factors, such as diffusion and membrane permeation, may become limiting factors for MICs. At the molecular level, the increased efficiency may be explained by the fact that the neutral but polar acetoxymethyl R2 group of cephalothin and cefotaxime (Fig. 2) can interact favorably with a range of residues. In the work of Materon et al. (27) , several amino acids were tolerated when cefotaxime was used for selection, including the hydrophobic isoleucine and phenylalanine residues studied here, but also the neutral and polar amino acids serine, tyrosine, and glutamine. In a recently reported crystal structure of NDM-1 in complex with a cefuroxime intermediate, which also has a neutral but polar R2 group (carbamoyloxymethyl), the closest heavy atom-heavy atom distance between V73 (V67 in BBL numbering) and R2 is 4.2 Å in both chains A and B (55) . For the cephamycin cefoxitin, which has an identical R2 group, there is no significant difference in kinetic constants or MICs between the IMP variants studied. This could be due to the additional 7-methoxy group keeping loop L3 at a distance and keeping residue 67 from interacting with the ␤-lactam. For ceftazidime, which has a positively charged pyridinium methyl R2 group (Fig. 2) , IMP-1-V67I and IMP-10 (F67) exhibit 2-fold-and 4-fold-increased k cat , k cat /K m , and MIC values compared to those of IMP-1, suggesting that the R2 group favorably interacts with the I67 and F67 side chains, possibly through stacking of the aromatic rings in the latter case. In Materon et al.'s study (27) , isoleucine and phenylalanine were selected at position 67 with cephaloridine, which has an R2 group identical to that of ceftazidime. Recent studies in which a ceftazidime anionic intermediate was modeled in the IMP-1 active site by molecular dynamic simulations (26, 56) and the observation that the structure of compound 6142342 docked into the IMP-1 active site (Fig. 4B ) may provide some insight. In both cases, the aromatic ring of R2 is located in the hydrophobic pocket formed by W64 and residue 67, supporting the scenario proposed above.
Carbapenems. The V67F mutation (IMP-10) has a significant effect on MICs of carbapenems (8-fold higher for meropenem and doripenem and 4-fold higher for imipenem), which correlates well with the catalytic efficiencies (2-to 4-fold higher for meropenem and doripenem and 1.6-fold higher for imipenem). The V67F mutation in the IMP-type MBLs IMP-43 and IMP-44 has been shown to have impacts on carbapenem susceptibility and activity similar to those of IMP-7 and IMP-11, respectively, which have valine at position 67 (21) . Mutation of V67 to alanine or isoleucine also has a positive effect on catalytic efficiencies against meropenem and doripenem but not imipenem. Thus, it seems that A67, I67, and F67 can better accommodate meropenem and doripenem than V67 can, while only F67 can better accommodate imipenem. Similar to the cephalosporins with neutral R2 groups, the carbapenems with neutral R2 groups (meropenem and doripenem) could interact more favorably with the larger isoleucine and phenylalanine residues, while with A67 other factors might be at play, such as a change in the secondary structure of L3. In a crystal structure of NDM-1 with hydrolyzed meropenem (PDB code 4EYL) (54), the pyrrolidine ring in R2 of meropenem (Fig. 2) is closest to V73 (V67 in BBL numbering) (COC distance of 4.2 Å in chain A and 3.7 Å in chain B), supporting this scenario. It would make sense that imipenem, which has a positively charged (iminomethyl)amino group at that position, would interact less favorably with hydrophobic residues, and indeed, catalytic efficiencies and MICs are smaller for imipenem than for the other carbapenems. With phenylalanine, there could be a more favorable interaction between the electrons of the phenyl ring and the (iminomethyl)amino group, offering a rationale for why IMP-10 is the most efficient enzyme against imipenem. Interestingly, Materon et al. did not select phenylalanine at position 67 with imipenem, but instead found tyrosine, cysteine, serine, and threonine (27) , all of which would be capable of engaging in electrostatic interactions with a positively charged imipenem R2 group.
Conclusions. This study of IMP variants with all naturally observed amino acids at position 67 yielded interesting insights into MBL evolution. First, as evident from the expression levels of functional enzyme, metal content, secondary structure, and thermal stability, none of the substitutions investigated had any detrimental effect on the fitness of these enzymes with regard to these biophysical properties. Second, the activity profiles of the enzymes against a range of ␤-lactams allow for an interesting hypothesis: that the original enzyme IMP-1 that appeared in the early 1990s was a broad-spectrum enzyme that efficiently inactivated all older ␤-lactam antibiotics, i.e., penicillins, the first-generation cephalosporin cephalothin, the neutral third-generation cephalosporin cefotaxime, the cephamycin cefoxitin, and, moderately, the early carbapenem imipenem (hence its name imipenemase). Over time, possibly selected by exposure to newer ␤-lactams, variants with mutations at position 67 appeared, including IMP-9 with I67 in 2000 (57) and IMP-10 with F67, isolated from different strains from 1997 to 2000 (19) . Both residues increased resistance to imipenem, the charged third-generation cephalosporin ceftazidime, and, especially for F67, the more recently introduced carbapenems meropenem and doripenem, which were FDA approved in 1996 and 2007, respectively. On the flip side, these enzymes lost their effectiveness against penicillins, which are probably rarely used against the bacteria from which they were isolated. In other words, these enzymes had become "specialists" for the inactivation of newer, last-resort antibacterials, and over time, residues other than valine at position 67 have increasingly accumulated in the pool of IMP variants (see Fig. S4 in the supplemental material). Alanine at position 67 has been explored in only one variant so far, namely, IMP-21, which was published in GenBank in 2004 (GBAC AB204557) but never published in the form of an article. The A67 variant in isolation as studied here (IMP-21 has many other mutations relative to IMP-1) provides little to no advantage over IMP-1 against the newer drugs in terms of MIC, consistent with the fact that this amino acid has not been found in other variants to date.
Interestingly, only four amino acids have been realized in IMP enzymes (see Fig. S4 in the supplemental material), and many of the other amino acids at position 67 that yielded viable ␤-lactamases in Materon et al.'s study (27) were not found naturally. There are two likely reasons for this: (i) mutations yielding these substitutions may require more than one nucleotide change and therefore be very unlikely; and (ii) they might not provide any significant advantage over the already existing variants, because they do not increase resistance to a particular antibacterial or do so only at the expense of decreased resistance to other important antibacterials.
Understanding the impacts of mutations such as those studied here is an important step toward deciphering the mechanisms of antibacterial resistance and its evolution. Such knowledge may allow for educated adjustments in our current antibacterial use (whether in medicine or animal husbandry [58, 59] ), with the goal of alleviating selective pressure, as well as aiding in the design of novel antibacterials and MBL inhibitors.
